study question: Can selection of spermatozoa by density gradient centrifugation prior to cryopreservation and/or hypotaurine supplementation improve the post-thaw quality of sperm from infertile men with oligoasthenoteratozoospermia? summary answer: Sperm selection by density gradient centrifugation before freezing and supplementation of the media by hypotaurine is beneficial for the cryopreservation of semen samples of patients with oligoasthenoteratozoospermia.
Introduction
Sperm cryopreservation represents a valuable clinical aid in the management of infertility. Its current principal indications include fertility preservation for men prior to chemo-or radiation therapy, and sperm banking for infertile patients in an assisted reproductive technique (ART) program to prevent possible deterioration of sperm count or quality and optimize the ART's outcome (Shufaro and Schenker, 2010) . These patients generally have poor semen quality before cryopreservation (Dohle, 2010) . Because of the outstanding success of ICSI, even patients with different degrees of oligoasthenoteratozoospermia can now be offered the use of frozen/thawed sperm (Palermo et al., 2009) .
Despite many advances in the field of cryobiology, freezing human sperm still results in important structural and functional alterations in spermatozoa, impairing fertilization potential (Oehninger et al., 2000; Anger et al. 2003) . It has been reported that cryopreservation produces chemical oxidative stress (Gilmore et al., 2000) and an apoptosis-like phenomenon (Martin et al., 2004; Brum et al., 2008) in spermatozoa which may cause various structural alterations of spermatozoa such as the disturbance of the plasma membrane, notably characterized by an externalization of phosphatidylserine (PS; Sion et al., 2004) , disruption of the mitochondrial membrane potential (O'Connell et al., 2002) and generation or an exacerbation of the extent of DNA fragmentation (de Paula et al., 2006; Thomson et al., 2009) . These changes are associated with a reduction in sperm motility, viability and fertilizing ability (Donnelly et al., 2001a,b; Said et al., 2010) . Compared with men with normal parameters (WHO, 1999) , sperm from oligo-asthenoteratozoospermic patients are more likely to show these alterations Wundrich et al., 2006; Kalthur et al., 2008) after thawing. Improvement of sperm cryopreservation techniques would help to optimize the outcome of ICSI for these patients.
Most often, sperm selection by density gradient centrifugation is performed after thawing (Oehninger et al., 2000; Anger et al., 2003; Van Casteren et al., 2008) . Nevertheless, some studies (Esteves et al., 2000; Counsel et al., 2004; Allamaneni et al., 2005) demonstrated that selecting a subpopulation of spermatozoa by density gradient before freezing enhances the overall post-thaw sperm quality. Other studies have shown that selecting spermatozoa by density gradient centrifugation before freezing improves the post-thaw quality of sperm from donors with normal semen parameters and offers the possibility to perform intrauterine insemination-without further processing of the thawed sperm (Larson et al., 1997; Morshedi et al., 2001) . Indeed, this preliminary sperm treatment allows the selection of high-quality spermatozoa and the removal of seminal plasma which contains non-viable spermatozoa and other cellular components that can cause oxidative and apoptotic-like damage during the freezing/thawing process, with lethal and sublethal consequences (Saleh et al., 2002; Zorn et al., 2010) . Although seminal plasma contains many natural antioxidants which play an important role in the protection of spermatozoa against free radical attack (Grizard et al., 1999; Garrido et al., 2004) , this protective effect varies among individuals and is often altered in subfertile patients (Aitken and Baker, 2006) .
Hypotaurine (2-aminoethane sulfinic acid) is an antioxidant present in high concentrations in mammalian sperm and reproductive tract (Van der Horst and Grooten, 1966; Holmes et al., 1992) . Hypotaurine is a precursor of taurine (2-aminoethanesulfonic acid), which is the main endproduct of cysteine metabolism in mammals (Huxtable, 1992) . The protective effects of hypotaurine on sperm capacitation (Meizel et al., 1980) , acrosome reaction (Martins-Bessa et al., 2009 ) and motility (Boatman et al., 1990; Donnelly et al., 2000) as well its cryoprotective effects on sperm (Chen et al., 1993; Sanchez-Partida et al., 1997) suggest that it could improve the fertilizing ability of cryopreserved sperm.
Therefore, the aim of this study was to investigate and compare, in sperm samples of patients with oligoasthenoteratozoospermia, the standard semen parameters and measurements of apoptotic markers (mitochondrial potential, PS externalization and DNA fragmentation) in spermatozoa recovered after selecting spermatozoa by density gradient centrifugation before versus after cryopreservation and with versus without supplementation by hypotaurine.
Materials and Methods

Subject inclusion criteria and experimental study design
This prospective and randomized study was performed with 64 men (4 groups of 16 patients) undergoing evaluation for infertility at the Center for Reproductive Medicine of the University Hospital in Clermont-Ferrand, France, between January 2009 and June 2010. All patients suffered from primary infertility and were partners of women who had failed to conceive after 18 months of unprotected intercourse. The semen samples of the infertile patients included in this study showed oligoasthenoteratozoospermia (WHO, 1999) and ,1 × 10 6 /ml leukocytes (peroxidase staining). Written informed consent was obtained from each man for inclusion of any frozen sample in the GERMETHEQUE biobank, authorized by the French research ministry.
The experimental design with samples flowchart is summarized in Fig. 1 . The sperm procedure to apply was randomly assigned by a computergenerated list. Four sperm procedures were defined. (i) F-S/H2: sperm freezing (F) before selection (S) by density gradient centrifugation without hypotaurine (H2) supplementation; (ii) F-S/H+: sperm freezing before selection by density gradient centrifugation with hypotaurine supplementation; (iii) S-F/H2: sperm selection by density gradient centrifugation before freezing/thawing without hypotaurine supplementation; (iv) S-F/H+: sperm selection by density gradient centrifugation before freezing/thawing with hypotaurine supplementation.
For each procedure, the duration and account of centrifugations were similar. Basic sperm analysis (WHO, 1999) was performed before and after each sperm procedure was carried out. Biochemical markers apoptosis in recovered spermatozoa were analyzed at the end of each sperm procedure.
Materials
Cryospermw and Sperm Preparation Mediumw were purchased from Origio (Malov, Denmark). Cryospermw contains glycerol and raffinose as cryoprotectants.
The Sperm Preparation Medium w was always maintained at 378C under 5% CO 2 for a minimum of 4 h before use. The gradient was from Nidacon International (Molndal, Sweden). 3,3
′ -dihexyloxacarbocyanine iodide [DiOC 6 (3)] provided by Molecular Probes (Montluçon, France). For the procedures in which supplementation by hypotaurine (2-aminoethanesulfinic acid; C 2 H 7 NO 2 S) was needed, hypotaurine (50 mM) provided by Sigma-Aldrich (Saint Quentin Fallavier, France) was added to Sperm Preparation Mediumw and Cryospermw media. These media do not initially contain hypotaurine. Paraformaldehyde, AnnexinV-FITC, propidium iodide (PI) and DNase I were from Sigma-Aldrich. To detect DNA fragmentation, the 'in situ cell death detection kit' from Roche (Meylan, France) was used. Figure 1 Experimental design with samples flowchart. The sperm procedure to apply to fresh semen samples of infertile men with oligoasthenoteratozoospermia was randomly assigned by a computer-generated list. Four types of procedures were defined: 1/F-S/H2: sperm freezing (F) before sperm selection (S) by density migration without hypotaurine supplementation (H2); 2/F-S/H+: sperm freezing (F) before sperm selection (S) by density migration with hypotaurine supplementation (H+); 3/S-F/H2: sperm selection (S) by density migration before sperm freezing (F) without hypotaurine supplementation (H2); 4/S-F/H+: sperm selection (S) by density migration before sperm freezing (F) with hypotaurine supplementation (H+). Basic semen analysis (WHO, 1999) and the measurements of biochemical markers of apoptosis (externalization of phosphatidylserine, mitochondrial membrane potential and DNA fragmentation) were performed in recovered spermatozoa at the end of each sperm procedure.
Semen collection
Semen samples (n ¼ 64) were collected by masturbation into sterile containers after a period of 2 -3 days of sexual abstinence. Immediately after semen liquefaction for 30 min at 378C, basic semen analysis was performed according to the World Health Organization guidelines (WHO, 1999) . The variables taken into consideration were concentration, motility, the concentration of round cells and the morphology according to David's criteria (David et al., 1975) . Semen analysis was performed before and after each type of procedure on each specimen.
Sperm cryopreservation
In procedures where sperm freezing was done before selection by density gradient centrifugation (F-S/H2 and F-S/H+), semen were treated by washing centrifugation (750g, 8 min) and the pellet was resuspended in a volume of Sperm Preparation Medium equal to the initial volume of semen. In procedures where sperm selection was done first (S-F/H2 and S-F/H+) the pellet from density gradient centrifugation (see below) was washed by centrifugation (750g, 8 min) and resuspended in a volume of Sperm Preparation Medium to dispose 5 × 10 5 spermatozoa per straw after dilution in cryopreservation medium. For each sperm procedure, the pellets of spermatozoa after the washing centrifugation were resuspended in Sperm Preparation Mediumw. So, the spermatozoa were frozen without seminal plasma for all the four procedures. After dilution with an equal volume of cryoprotective medium (Cryospermw, Origio, France), the sperm suspensions were loaded into straws and frozen according to a standard protocol (Grizard et al., 1999) in a Minicool LC40 (Air Liquide Santé, France). Afterwards they were plunged into liquid nitrogen and stored for at least 6 months.
The straws were thawed at 378C for 3 min. After gentle addition of an equal volume of Sperm Preparation Mediumw, the cryoprotectant was removed by washing centrifugation (750g, 5 min) for the S-F/H2 and S-F/ H+ procedures and by density gradient centrifugation (see below) for the F-S/H2 and F-S/H+ procedures. Then, the concentration and motility assessments were carried out (WHO, 1999) in sperm pellet suspended in 250 ml of Sperm Preparation Medium.
Preparation of sperm by density gradient centrifugation
To isolate spermatozoa, the samples were purified using a two-step discontinuous Purespermw gradient (95-47.5%) diluted in Sperm Preparation Mediumw. The thawed sperm suspension (for procedures F-S/H2 and F-S/H+) or the fresh semen sample (for procedures S-F/H2 and S-F/ H+) was layered at the top of the gradient. After centrifugation at 500g for 20 min, the purified sperm population was recovered from the 95% layer, washed in Sperm Prep Mediumw (750 g, 8 min) and resuspended in a suitable volume of the same medium.
Markers of apoptosis
Annexin V binding assay
Translocation of PS to the outer leaflet of the plasma membrane was detected by AnnexinV-FITC. PS is normally found on the cytoplasmic face of the plasma membrane, and translocation to the extra-cellular leaflet involves a plasma membrane alteration. Since the nuclear and plasma membranes of dead cells are also damaged, the assay includes staining with PI DNA stain to assess viability. This simultaneous staining allows the detection of live or dead spermatozoa with or without externalized PS.
As previously described (Grizard et al., 2007) , the sperm suspension (5 × 10 5 spermatozoa) was diluted with an equal volume of binding buffer (150 mM NaCl; 10 mM HEPES; 5 mM KCl; 1 mM MgCl 2 ; 1.8 mM CaCl 2 ) containing Annexin V-FITC at a final concentration of 2 mg/ml. After 10 min of incubation in the dark, 20 ml of binding buffer containing 2 mg/ ml of PI was added and immediately followed by analysis in a flow cytometer. The negative control represented spermatozoa treated with buffer only, without Annexin V-FITC and PI. Four types of spermatozoa were detected: live spermatozoa with no externalization of membrane PS (no fluorescence); live spermatozoa with externalization of PS (AN+ PI2); dead spermatozoa with externalization of PS (AN+ PI+) and dead spermatozoa with no binding with annexin V-FITC (AN2 PI+).
Mitochondrial membrane potential
Briefly, mitochondrial membrane potentials (Dcm) were measured by means of 3,3
′ -dihexyloxacarbocyanine iodide [DiOC 6 (3)] staining as described before (Grizard et al., 2007) . PI was used as supravital stain. Briefly, 5 × 10 5 spermatozoa were incubated for 20 min at 378C in 500 ml of phosphate-buffered saline (PBS) containing 40 nM [DiOC 6 (3)]. Immediately before analysis on the flow cytometer, PI (4 mg/ml) was added.
Control experiments were performed in the presence of 50 mmol/l carbonylcyanide m-chlorophenylhydrazone (mClCCP), an uncoupling agent that abolishes the Dcm (Grizard et al., 2007) for 15 min at 378C.
TUNEL assay
As previously reported (Brugnon et al, 2010 ) DNA fragmentation in spermatozoa (TUNEL +) was detected according to the manufacturer's protocol with minor modifications. Briefly, 1.5 × 10 6 washed sperm cells were fixed with 2% paraformaldehyde for 30 min at room temperature. Afterwards, cells were washed in PBS followed by permeabilization in 100 ml of a solution containing 0.1% Triton X-100 in 0.1% sodium citrate for 3 min on ice. After a washing procedure with PBS 1% BSA (500 g, 5 min), labeling was performed by incubation for 1 h at 378C with 50 ml labeling solution containing dUTP and 50 ml of enzyme solution (terminal deoxynucleotidyl transferase, TdT). Then the sperm suspension was washed in PBS and counterstained by PI (2 mg/ml) to check on permeabilization.
For each sample, a negative control was carried out by omitting the TdT enzyme from the reaction mixture. The positive control was obtained by incubating the spermatozoa with 2 IU DNase I for 15 min at 378C in Tris-HCl buffer before labeling.
Flow cytometry
Detection of PS externalization, mitochondrial membrane potential and DNA fragmentation of spermatozoa used flow cytometry. Flow cytometry was performed using the flow cytometer LSRII (BD Biosciences, Le Pont de Claix, France). A minimum of 20 000 spermatozoa was examined for each assay. The sperm population was gated using the forward scatter signal and the side scatter signal to exclude debris and aggregates. The excitation wavelength was 488 nm supplied by an argon laser. Green (FITCderived fluorescence or DiOC 6 (3) low ) and red fluorescence (PI or DiOC 6 (3) high ) were respectively detected with FL1 (530/30 nm) and FL3
(610/20 nm) channels. Compensation fluorescence adjustments were performed. FL1 and FL3 fluorescence signals were recorded after logarithmic amplification and the rates of stained cells were automatically computed by the flow cytometer using FACSDiva Software. Selection of the area corresponding to spermatozoa was determined beforehand by analysis of purified thawed spermatozoa recovered after selection on a two-step gradient.
Statistical analysis
As all the parameters were continuous, they were displayed as mean + SEM. The four sperm procedures were first compared at baseline regarding age and standard semen parameters by one-way analysis of variance.
To investigate joint effects of the selection of spermatozoa by density migration before or after freezing (referred to as 'sequence' effect) and hypotaurine supplementation (referred to as 'hypotaurine' effect), we performed two-way analysis of variance within a factorial design, testing each main effect and their interactions with each of the following parameters analyzed as response variable:
(1) The sperm recovery rates of progressive motile (motility a + b), total motile (motility a + b + c) spermatozoa and normal-form spermatozoa. The sperm recovery rate (SRR) was computed as follows:
where Vol is the volume of sperm suspension (ml); Conc, the sperm concentration (10 6 /ml); Mot, the percentage of spermatozoa motile; Norm, the percentage of spermatozoa with normal morphology.
(2) The measurements of apoptotic markers (potential mitochondrial, PS externalization and DNA fragmentation) in recovered spermatozoa.
In case of significant interaction between the 'sequence' and 'hypotaurine' effects, we further detailed the results assessing both the simple effect of sequence for each hypotaurine condition and the simple effect of hypotaurine for each sequence. Results regarding joint effects of 'sequence' and 'hypotaurine' were displayed using interaction diagrams. The final standard parameters were displayed in the four sperm procedures only for descriptive purposes.
Correlations between motility and apoptotic markers in recovered spermatozoa were tested using the Spearman correlation coefficient test.
Sample size calculations (Pearson and Hartley, 1951; Sheskin, 2000) for our study design were carried out based on effect sizes from a previous study (Paasch et al., 2004a, b) . They indicated that a total number of 64 sperm samples (16 for each procedure) were sufficient to exceed 0.8 power for most criteria, except DNA fragmentation for which power was 0.72. All statistical analyses were performed on SAS (SAS v9.3, SAS Institute, Inc., Cary, NC) setting type I error at 0.05.
Results
Patients' ages and semen characteristics of the infertile patients
The ages and the initial semen parameters of patients are displayed in Table I .
According to the World Health Organization criteria (WHO, 1999), all the patients had oligoasthenoteratozoospermia regarding their initial fresh semen samples.
There was no significant difference between the four groups of sperm procedures for patients' ages and initial semen parameters.
The final semen parameters of patients are displayed in Table II .
Sperm recovery rates of motile and normal-form spermatozoa
The sperm recovery rates of motile and normal-form spermatozoa are reported in Table III . We observed a significant 'sequence' effect regarding recovery rates for progressively motile (P ¼ 0.04) and total motile spermatozoa (P ¼ 0.02), as shown in Fig. 2 . Indeed, higher recovery rates of progressively motile (S-F/H+ versus F-S/H+: 2.6 + 0.84% versus 1.4 + 0.31%; S-F/H2 versus F-S/H2: 2.1 + 0.32% versus 1.1 + 0.46%) and total motile spermatozoa (S-F/H+ versus F-S/H+: 3.8 + 1.23% versus 1.7 + 0.32%; S-F/H2 versus F-S/H2: 2. F-S/H2, sperm freezing (F) before selection (S) by density gradient without hypotaurine supplementation (H2); F-S/H+, sperm freezing (F) before selection (S) by density gradient with hypotaurine supplementation (H+); S-F/H2, sperm selection (S) by density gradient before freezing (F) without hypotaurine supplementation (H2); S-F/H+, sperm selection (S) by density gradient before freezing (F) with hypotaurine supplementation (H+).
0.43% versus 1.4 + 0.48%) were observed when selection was performed before freezing, regardless of hypotaurine supplementation (no interaction). Supplementation by hypotaurine (H+) showed a trend toward optimizing recovery rates of both progressive motile and total motile spermatozoa regardless of sequence (Fig. 2) ; nevertheless this effect was not significant. The rates of recovered spermatozoa with normal form (David's criteria; David et al., 1975) were similar whatever the sperm procedure (P . 0.05).
Apoptotic markers in recovered spermatozoa
The percentages of the four patterns detected by combined staining with annexin V-FITC and PI, Dcm (DiOC 6 (3) high ) and TUNEL+ spermatozoa are presented in Table III for each sperm procedure.
Illustrative diagrams of percentage of live spermatozoa with externalization of PS, Dcm (DiOC 6 (3) high ) and TUNEL+ spermatozoa are shown in Fig. 3 . A significant effect of the sequence (P ¼ 0.01) was observed on the percentage of live spermatozoa with no externalization of membrane PS (AN2 PI2). This percentage was significantly higher (P , 0.05) when sperm selection by density gradient centrifugation was performed before freezing (S-F/H2: 27.0 + 2.81%; S-F/H+: 25.0 + 2.10%) compared with the sperm procedures in which sperm selection was performed after sperm freezing (F-S/H2:19.9 + 3.02%; F-S/H+: 20.2 + 3.63%).
There was no significant effect of 'sequence' and/or 'hypotaurine' on the percentages of total live spermatozoa [(AN+/PI2) + (AN2/ PI2)]. A significant interaction (Fig. 3A) between the 'sequence' and 'hypotaurine' effects was observed for the percentage of live spermatozoa with externalization of PS among total live spermatozoa [(AN+ PI2)/(AN+ PI2 + AN2 PI2); P ¼ 0.04] which is detailed hereafter. Hypotaurine had a protective effect only when the sperm selection by density gradient centrifugation was performed before freezing (S-F/ H+ versus S-F/H2: 6.8 + 1.09% versus 11.8 + 2.03%, P ¼ 0.04 and F-S/H+ versus F-S/H2: 6.8 + 1.68% versus 5.8 + 0.83%, P ¼ 0.59).
The percentage of Dcm (DiOC 6 (3) high ) spermatozoa was significantly higher (P ¼ 0.001) when sperm selection was performed before sperm freezing (Fig. 3B , Table III ) compared with the sperm procedures in which sperm selection was performed after sperm freezing with (S-F/H+ versus F-S/H+: 58.1 + 3.50% versus 46.7 + 5.48%) or without (S-F/ H2 versus F-S/H2: 57.0 + 5.18 versus 35.4 + 4.99%) hypotaurine supplementation. The low sperm count in some samples did not always allow the TUNEL assay to be performed (Table III) . The percentages of TUNEL+ spermatozoa were significantly lower (P ¼ 0.001) when sperm selection was performed before sperm freezing (Fig. 3C ) compared with the sperm procedures in which sperm selection was performed after sperm freezing with (S-F/H+ versus F-S/H+: 38.6 + 9.59% versus 55.7 + 5.88%) or without hypotaurine supplementation (S-F/H2 versus F-S/H2: 37.2 + 7.91 versus 71.0 + 5.66%).
Correlation between motility and apoptotic markers in recovered spermatozoa
The percentages of live spermatozoa without externalization of PS (AN2 PI2) were significantly correlated with the percentages of progressive (r ¼ 0.5, P , 0.0001) and total (r ¼ 0.6, P , 0. AN+ PI2 (%), live spermatozoa with externalization of membrane PS; AN+ PI+ (%), dead spermatozoa with externalization of membrane PS; AN2 PI2 (%), live spermatozoa with no externalization of membrane PS; AN2 PI+ (%), dead spermatozoa with no externalization of membrane PS; (AN+ PI2) + (AN2 PI2) (%), total live spermatozoa; (AN+ PI2)/((AN+ PI2) + (AN2 PI2)) (%), live spermatozoa with externalization of membrane PS among total live spermatozoa; DiOC6(3) high (%): sperm cells labeled with the mitochondrial membrane potential-sensitive dye 3,3 ′ -dihexyloxacarbocyanine iodide [DiOC 6 (3)]; TUNEL+, spermatozoa with DNA fragmentation detected by TUNEL assay. The effects of the selection of spermatozoa by density migration before or after freezing (referred to as 'sequence' effect) and hypotaurine supplementation (referred to as 'hypotaurine' effect) were analyzed by two-way analysis of variance [including first-order interaction between 'hypotaurine' (H) and 'sequence'(S)]. F-S/H2, sperm freezing (F) before selection (S) by density gradient without hypotaurine supplementation (H2); F-S/H+, sperm freezing (F) before selection (S) by density gradient with hypotaurine supplementation (H+); S-F/H2, sperm selection (S) by density gradient before freezing (F) without hypotaurine supplementation (H2_; S-F/H+, sperm selection (S) by density gradient before freezing (F) with hypotaurine supplementation (H+); PS, phosphatidylserine.
spermatozoa. The percentages of spermatozoa with Dcm (DiOC 6 (3) high ) spermatozoa were significantly correlated with the percentages of progressive (r ¼ 0.5, P , 0.0001) and total motile spermatozoa (r ¼ 0.6, P , 0.0001). Significant negative correlations were found between the percentage of TUNEL+ spermatozoa and the percentage of progressive (r ¼ 20.5, P , 0.0001) and total motile spermatozoa (r ¼ 20.6, P , 0.0001).
Discussion
Despite the wide-ranging clinical applications of sperm cryopreservation, current procedures are still imperfect, particularly for semen samples from subfertile men with oligoasthenoteratozoospermia which appear to show increased susceptibility to cryoinjury (Oehninger et al., 2000; Donnelly et al., 2001b) . ICSI allows the use of very few functional spermatozoa to achieve fertilization, meaning that sperm cryopreservation can result in pregnancies even for infertile men with severe alterations of standard sperm parameters. However, to improve the success rate of ICSI, it is necessary to optimize sperm cryopreservation procedures to provide sufficient functional spermatozoa. This study demonstrates improved sperm recovery from the semen of olgoasthenoteratozoospermic men, when sperm selection by density gradient centrifugation is done before freezing with the supplementation by hypotaurine of the media.
Although seminal plasma protects the spermatozoa from adverse factors such as oxidative stress, this protective effect varies among individuals and is often altered in infertile patients with oligoasthenoteratozoospermia (Esteves et al., 2000; Desai et al., 2009) . Moreover, seminal plasma also contains senescent spermatozoa and other cellular components (leukocytes, epithelial cells, potential microbial contamination) that can be a source of reactive oxygen species (ROS) known to cause oxidative and apoptotic-like damage during the freeze/thaw process (Counsel et al., 2004; Said et al., 2010) . Our study concerns sperm samples from patients with altered semen parameters. Due to impairment of spermatogenesis, the presence of round cells (mainly immature germ cells and/or leucocytes) is frequently observed in these semen samples (Mundy et al., 1997; Caskurlu et al., 1999) .
Sperm treatment by density gradient centrifugation before freezing allows the removal of seminal plasma, the most of round cells and the selection of mature and motile spermatozoa which seem more resistant to cryoinjury. We chose the Purespermw density gradient because a previous study reported high efficiency after treatment of cryopreserved sperm (Allamaneni et al., 2005) . The low motile spermatozoa recovery rates we observed may be explained by the low initial sperm quality and the high levels of centrifugations that were applied. Moreover, we chose a higher centrifugal force for washing sperm compared with the force recommended (WHO, 1999) because according to our own practical experience (data not shown) it permits the best sperm recovery rate when cryopreservation is performed with this medium. Despite that, the final concentrations and percentages of motile spermatozoa we report are similar to previous reports (Donnelly et al., 2001b; Counsel et al., 2004) . We did not compare the final standard semen characteristics because comparison of the sperm recovery rate is certainly more relevant in terms of the aim of our study, which is to determine which sperm procedure is more efficient to apply at the moment of sperm cryopreservation to obtain sufficient functional spermatozoa for subsequent ICSI. Moreover, we chose to perform similar levels of centrifugation for each sperm procedure tested in order to ensure valid comparison. By removing seminal plasma before sperm freezing (by sperm washing or density gradient centrifugation) in patients with altered standard sperm parameters, we analyzed biological conditions close to the freezing/ thawing of epididymal and testicular spermatozoa. It could be interesting to further investigate the impact of these sperm procedures for these particular sperm samples. Other potential advantages of prefreeze selection include a more even dilution of the sample with cryoprotectant, especially in the samples that are highly viscous, and the freezing of lower quantities of higher quality sperm ensures more efficient use of storage space in the sperm bank. Externalization of PS, alteration of mitochondrial membrane potential and DNA fragmentation are described as markers of apoptosis found in ejaculated human spermatozoa (Said et al., 2010; Shukkla et al., 2012) . These markers appear in excess in subfertile men and in functionally incompetent spermatozoa (Weng et al., 2002; Marchetti et al., 2012) . As previously reported (Marchetti et al., 2002; Sion et al., 2004) , the significant correlations we observed between the sperm motility and the percentages of live spermatozoa without externalization of PS (AN2 PI2), spermatozoa with Dcm (DiOC 6 (3) high ) and TUNEL(+) spermatozoa confirmed that these markers are suitably sensitive to analyze the functional capacity of human spermatozoa. Semen samples with lowered fertilizing ability contain higher percentages of spermatozoa with apoptosis markers like PS externalization, disrupted mitochondrial potential and DNA fragmentation (Benchaib et al., 2007; Grunewald et al., 2008; Marchetti et al., 2012) . Moreover, an increase in the expression of these markers is observed following sperm freezing/thawing Sion et al., 2004; Paasch et al., 2004a) . Therefore, these apoptosis markers provide additional information about sperm deterioration to complement the conventional sperm analysis and may be helpful to evaluate the procedures for sperm preparation for cryopreservation. Given the low sperm count of the semen samples, we performed the multiparametric analysis only in recovered spermatozoa at the end of each sperm procedure and not in the initial fresh semen samples. So it was impossible to compare the initial and final status of spermatozoa for each procedure we performed. Nevertheless, there was no difference for the initial standard semen parameters between the four patient groups. This means that comparison of the measurements performed in recovered spermatozoa allowed the efficiency of each procedure to be compared. The sperm plasma membrane is one of the key structures affected by cryopreservation. During the early phases of disturbed membrane function, an asymmetry of membrane phospholipids occurs (Vermes et al., 1995) . The disturbance of membrane function starts with externalization of the membrane phospholipid PS from the inner to the outer leaflet of the plasma membrane. This results in the exposure of PS on the external surface (Glander and Schaller, 1999) . Two major hypotheses have been given to explain the disturbance of sperm membrane symmetry and the externalization of PS as visualized by annexin V staining. It may be an early Figure 3 Illustrative diagrams of the percentages of live spermatozoa with externalization of PS (A), (DiOC6(3) high ) spermatozoa (B) and spermatozoa with DNA fragmentation (TUNEL+) (C) after each sperm procedure was performed. H2, no hypotaurine supplementation; H +, hypotaurine supplementation; F-S, sperm freezing (F) before selection (S) by density migration; S-F, sperm selection by density migration (S) before sperm freezing (F); (AN+ PI2)/((AN+ PI2) + (AN2 PI2)) (%), live spermatozoa with externalization of PS among total live spermatozoa; DiOC6 (3) high (%), sperm cells labeled with the mitochondrial membrane potential-sensitive dye 3,3 ′ -dihexyloxacarbocyanine iodide; TUNEL+, spermatozoa with DNA fragmentation detected by TUNEL assay.
Cryopreservation of sperm from infertile men event in spermatozoa undergoing apoptosis (Paasch et al., 2004a) and/ or a reflection of sperm capacitation (Gadella and Harrison, 2002) . Moreover, cryopreservation induces sublethal damage to the sperm membrane that leads to a state resembling an advanced stage of capacitation, which reduces sperm post-thaw life-span and fertilizing ability (Medeiros et al., 2002) . Hypotaurine was described to be a potent antioxidant with protective effects on the integrity and functionality of the sperm plasma membrane (Donnelly et al., 2000; Martins-Bessa et al., 2009) . Hypotaurine acts as an antioxidant in vivo by scavenging highly reactive hydroxyl radicals ( † OH) (Aruoma et al., 1988) , protecting sperm membrane lipids (Martins-Bessa et al., 2009) . The oxidation of hypotaurine results in the formation of taurine (Aruoma et al., 1988) . The low hypotaurine content and high taurine content in semen from infertile men with oligoasthenoteratozoospermia in the study of Holmes et al. (1992) suggests that oxidation of hypotaurine to taurine may have occurred in the sperm of these patients. The lack of hypotaurine in semen samples of infertile patients may explain, in part, that spermatozoa from these patients are less protected against oxidative stress induced by cryopreservation. Our study shows that the supplementation of the media by hypotaurine allows the plasma membrane cryoinjury to be minimized. Indeed, a positive effect of hypotaurine supplementation was observed with lower percentage of live spermatozoa with externalization of PS among total live spermatozoa ((AN+ PI2)/((AN+ PI2) + (AN2 PI2)) when the selection by density migration centrifugation was performed before freezing, reaching the same level observed with the sequence where the sperm selection was performed after freezing. Among several pathways for the initiation of apoptotic-like changes in spermatozoa, the mitochondrial pathway may be activated (Marchetti et al., 2004; Said et al., 2010) . The mitochondria of spermatozoa appear to be preferentially susceptible to agonists of apoptosis. Moreover, previous studies have found that oxidative stress induces apoptosis in human spermatozoa via the mitochondria-dependent pathway (Paasch et al., 2004b; Taylor et al., 2004; Grunewald et al., 2005) . By triggering the mitochondrial Bax protein, the opening of the mitochondrial permeability transition pore is triggered which results in the release of cytochrome c (Correa et al., 2007) . The release of cytochrome c in the cytoplasm leads to activation of the enzyme caspases (Kroemer et al., 1997) which in turn activate specific endonucleases and result finally in DNA fragmentation (Taylor et al., 2004) . However, cytochrome c also results in an increase in ROS sperm production and therefore can contribute to the second pathway in which endogenous and/or exogenous ROS attack DNA, resulting in the production of 8OHdG (8-oxo-7,8-dihydro-2 ′ deoxyguanosine) (Thomson et al., 2009 ) and finally DNA fragmentation (Cui et al., 2000) . Our study shows that density gradient centrifugation performed before freezing seems to improve the selection of spermatozoa that are more resistant to cryoinjury since we observed a higher percentage of live spermatozoa with no externalization of PS (AN2 PI2), a higher percentage of Dcm (DiOC 6 (3) high ) spermatozoa and a lower percentage of TUNEL + spermatozoa compared with the procedure with sperm selection performed after freezing.
The TUNEL technique we performed in our study allows the detection of double-strand DNA fragmentation which could be attributed to oxidative stress (Thomson et al., 2009; Zribi et al., 2010) , apoptosis and/or defective chromatin packaging (Moustafa et al., 2004; Paasch et al., 2004a; Said et al., 2010) . These mechanisms could be concomitant (Wang et al., 2003; Moustafa et al., 2004; Zribi et al., 2010) . There is no clear agreement in the literature as to whether cryopreservation induces DNA damage or the amount of damage (Spano et al., 1999; Gandini et al., 2006) . In some studies, the authors have reported significant alterations of sperm DNA integrity after cryopreservation (Donnelly et al., 2001a,b; de Paula et al., 2006; Thomson et al., 2009) , whereas other studies have expressed a different opinion (Duru et al., 2001; Isachenko et al., 2004; Paasch et al., 2004a) . This discrepancy between the studies could be explained by differences in the studied populations, the freezing procedures, the tests performed to evaluate the DNA integrity and the semen preparation techniques before or after cryopreservation (none, swim-up and/or density migration) (Ahmad et al., 2010; Di Santo et al., 2011) . Donnelly et al. (2001b) investigated pre-and postcryopreservation DNA integrity of both sperm and prepared sperm samples (density migration and swim-up). They reported that freezing and selection of spermatozoa in resuspended seminal plasma improves post-thaw DNA integrity compared with spermatozoa removed from seminal plasma before freezing. This may be due to the presence of abundant antioxidants in seminal plasma (Gagnon et al., 1991; Zini et al., 2009) . However, total antioxidant capacity of semen from infertile men has been found to be significantly reduced, with high levels of seminal ROS compared with fertile men (Aitken et al., 2010) . Therefore, it seems that only fertile semen samples have antioxidants in sufficient abundance to confer protection against the stress of cryopreservation (Gagnon et al., 1991; Zini et al., 2009) . Sperm processing in Assisted Reproductive Technologies should be governed by the principle of primum non nocere by using efficient procedures and chemically defined media containing no biological substances. A variety of antioxidants for supplementation in vitro have been designed in an attempt to overcome the cellular damage caused by cryopreservation. For example, supplementation with genistein (Thomson et al., 2009; Martinez-Soto et al., 2010) , resveratrol (Branco et al., 2010) and ascorbic acid (Branco et al., 2010) seem to reduce sperm DNA damage. On the contrary, vitamin E (Taylor et al., 2009) , ascorbate and catalase (Li et al., 2010) seem to improve motility and reduce ROS levels but they do not reduce sperm DNA damage. It could be interesting to study further whether an association of hypotaurine and other antioxidants with protective effects on DNA could optimize the procedure.
Semen banking currently constitutes the gold standard for fertility preservation for men. Because of the outstanding success with ICSI, it can now be offered even to infertile men with different degrees of oligoasthenoteratozoospermia. Our study shows the beneficial effects of sperm selection by density gradient centrifugation before freezing on the one hand and the hypotaurine supplementation when sperm selection is performed before freezing on the other hand for the cryopreservation procedure of semen samples with oligoasthenoteratozoospermia. Density gradient centrifugation before freezing may allow the selection of a sperm population with a better functional competence and greater resistance to freezing/thawing process. Hypotaurine supplementation improves the plasma membrane protection of spermatozoa by decreasing PS externalization when sperm selection by density migration is performed before freezing. In perspective it could be interesting to investigate whether the selection before freezing and/or hypotaurine supplementation improve the fertilizing ability of the spermatozoa and ICSI outcomes for these patients.
